Turnover of focal adhesions (FAs) is known to be critical for cell migration and adhesion of proliferative vascular smooth muscle (VSM) cells. However, it is often assumed that FAs in nonmigratory, differentiated VSM (dVSM) cells embedded in the wall of healthy blood vessels are stable structures. Recent work has demonstrated agonist-induced actin polymerization and Src-dependent FA phosphorylation in dVSM cells, suggesting that agonist-induced FA remodeling occurs. However, the mechanisms and extent of FA remodeling are largely unknown in dVSM. Here we show, for the first time, that a distinct subpopulation of dVSM FA proteins, but not the entire FA, remodels in response to the ␣-agonist phenylephrine. Vasodilator-stimulated phosphoprotein and zyxin displayed the largest redistributions, while ␤-integrin and FA kinase showed undetectable redistribution. Vinculin, metavinculin, Src, Crk-associated substrate, and paxillin displayed intermediate degrees of redistribution. Redistributions into membrane fractions were especially prominent, suggesting endosomal mechanisms. Deconvolution microscopy, quantitative colocalization analysis, and Duolink proximity ligation assays revealed that phenylephrine increases the association of FA proteins with early endosomal markers Rab5 and early endosomal antigen 1. Endosomal disruption with the small-molecule inhibitor primaquine inhibits agonist-induced redistribution of FA proteins, confirming endosomal recycling. FA recycling was also inhibited by cytochalasin D, latrunculin B, and colchicine, indicating that the redistribution is actin-and microtubule-dependent. Furthermore, inhibition of endosomal recycling causes a significant inhibition of the rate of development of agonist-induced dVSM contractions. Thus these studies are consistent with the concept that FAs in dVSM cells, embedded in the wall of the aorta, remodel during the action of a vasoconstrictor. endosomes; microtubules; zyxin; Src DYNAMIC REMODELING of focal adhesions (FAs) and the associated actin cytoskeleton is known to be critical for cell function in proliferative and migratory cells. FA formation at the leading edge, maturation of FAs, and eventual turnover have been extensively studied (4, 61). However, the degree to which FAs in nonmigratory, fully differentiated cellular phenotypes are dynamic and the functions of those FAs embedded in tissue have yet to be fully clarified.
the aorta that the actin elongation factor vasodilator-stimulated phosphoprotein (VASP) is necessary for ␣-agonist-induced actin polymerization (34) . Interestingly, in airway smooth muscle, neural Wiscott-Aldrich syndrome protein activation of the actin-related protein 2/3 (Arp2/3) complex has been shown to be necessary for actin polymerization and acetylcholineinduced contractility (65) . However, the functional specifics of how cytoskeletal remodeling is involved in the smooth muscle contractile response remain unclear.
Similarly, evidence exists that FAs in smooth muscle may not be purely structural, fixed elements. In airway smooth muscle, agonist-induced vinculin (27) , paxillin (53) , FA kinase (FAK), talin (42) , and ␣-actinin (64) redistribution occurs and is necessary for active tension development with cholinergic agonists. In dVSM, VASP shifts from the soluble fraction to the insoluble fraction in response to a phorbol ester (34) , and Src and p130 Crk-associated substrate (CAS) redistribute between insoluble and soluble fractions in response to an ␣-agonist (37) . Finally, norepinephrine-or endothelin-induced stimulation of small mesenteric arteries causes redistribution of paxillin from a soluble fraction to an insoluble fraction (41) . Beyond this work, it is unclear whether other FA proteins in dVSM remodel in response to contractile stimuli. Furthermore, the degree of movement, the mechanism, and the precise targets are largely unknown.
It is known that endocytic pathways mediate FA protein recycling in migrating, proliferating cells. This has been studied most thoroughly in the case of the FA regulator c-Src (30, 31, 46, 54) . However, endocytic recycling of FA proteins in a nonmigratory phenotype, to the best of our knowledge, has not been examined. At first glance, endosomal traffic is expected to be minimal in nonsynthetic cell types such as contractile smooth muscle, but no alternate mechanism has been suggested for FA protein translocation in contractile smooth muscle. We hypothesize that FA proteins in dVSM cells dynamically redistribute in response to an ␣-agonist and that this redistribution is dependent on endocytic recycling.
Here we quantify the stimulus-induced distribution and redistribution of several major FA proteins in dVSM. We show that some, but not all, FA proteins are mobile. We also show, by colocalization analysis, proximity ligation assays (PLAs), and small-molecule inhibitors, that FA proteins redistribute in association with an endocytic recycling pathway and that this pathway relies on actin and microtubule networks.
MATERIALS AND METHODS
Tissue preparation. All procedures were performed in accordance with and after approval from the Boston University Institutional Care and Use Committee. Male sable ferrets (Mustela putorius furo; Marshall Farms, North Rose, NY) were euthanized with an inhalant overdose of 15 ml of isoflurane. The thoracic segment of the aorta was quickly excised and placed in an ice-cold oxygenated physiological salt solution (PSS) consisting of (in mmol/l) 120 NaCl, 5.9 KCl, 1.2 NaH2PO4, 25 NaHCO3, 11.5 dextrose, 1 CaCl2, and 1.4 MgCl2. The tissue was then dissected in an oxygenated (95% O 2-5% CO2) PSS solution to remove fat, connective tissue, and endothelium. Aortic rings (4 mm long) were attached to force transducers in a 37°C PSS organ bath and allowed to equilibrate for 1 h. The rings were then stimulated with 51 mmol/l KCl-PSS, in which 51 mmol/l NaCl was replaced with 51 mmol/l KCl, to test for viability. After 10 min, the tissue was washed with PSS and allowed to relax for 1 h before experimentation began. At the end of the experiment, tissue rings were quick-frozen by immersion in an acetone-dry ice slurry containing 10 mmol/l DTT in preparation for further processing.
Cell isolation and imaging. Single smooth muscle cells were enzymatically dissociated from ferret aorta tissue according to a previously published method (33) . dVSM cells were fixed with 4% paraformaldehyde, permeabilized using 0.1% Triton X-100, blocked with 10% donkey serum as previously described (34) , incubated with primary antibodies, and stained with anti-donkey conjugated secondary antibodies. For deconvolution microscopy, three-dimensional image stacks were acquired with a Nikon Eclipse TE 2000-E inverted microscope equipped with a Nikon Plan Apochromat 60XA (1.4 numerical aperture) oil immersion objective. Images were recorded by a high-resolution fluorescence charge-coupled device camera (Cool-SNAPTM HQ2, Photometrics) with NIS-Elements Advanced Research software (Nikon, Melville, NY). Out-of-focus fluorescent blur was removed by deconvolution of z stacks (Richardson-Lucy algorithm, constrained iterative-maximum likelihood estimation algorithm), as previously described (34) .
In situ PLA. The Duolink PLA kit (Olink Bioscience, Uppsala, Sweden) was used to assess the proximity of zyxin and early endosomal antigen 1 (EEA1) in dVSM cells (49) . Freshly dissociated cells in the presence and absence of PE were fixed, permeabilized, blocked, and incubated with primary antibodies against zyxin and EEA1. Negative controls consisted of the same process but without the EEA1 antibody. Cells were then incubated with oligonucleotide-linked PLA secondary antibodies according to the manufacturer's instructions. Subsequent hybridization, ligation, and amplification steps result in bright fluorescent dots if the two probes are in close proximity (Ͻ40 nm). PLA dots were counted using NIS-Elements Advanced Research version 2.30 software, and images were processed with Photoshop CS3 software (Adobe Systems, Mountain View, CA), as previously described (59) .
Quantitative colocalization analysis. Cells that were Ͼ50 m long and Ͼ4 m wide (enough to resolve individual FA structures) were selected for analysis. Thresholding was set to optimize the resolution of the labeled structures on visual display. Using NIS-Elements Advanced Research software, we quantified overlapping pixels by applying a logical "AND" calculation to a center section, excluding the nucleus and the ends of the cell. The percentage of colocalized pixels vs. the total number of pixels labeled was calculated and reported as percent colocalization. At least three different animals were used for each condition.
Differential centrifugation for tissue fractionation. The method used here is similar to that of Kim et al. (34) but has been modified to result in three, rather than two, fractions. Tissues were quick-frozen and then homogenized at 4°C with 0.22 ml of buffer I [in mmol/l: 20 Tris·HCl (pH 7.5), 50 NaCl, 250 sucrose, 10 DTT, 3 EGTA, 5 MgCl2, and 1 ATP and protease inhibitors]. Homogenized tissue was centrifuged at 100,000 g for 1 h, and the supernatant collected is expected to contain cytosolic proteins and is referred to as the cytosolic fraction. The pellet was resuspended in 0.22 ml of buffer II [20 mmol/l Tris·HCl (pH 7.5), 250 mmol/l sucrose, 0.5% Triton X-100, 10 mmol/l DTT, 3 mmol/l EGTA, 5 mmol/l MgCl2, 1 mmol/l ATP, and protease inhibitors], extracted at 4°C for 1 h, and centrifuged at 100,000 g for 1 h. This supernatant was collected as the Triton X-soluble fraction, which is expected to contain membrane proteins and is referred to as the membrane fraction. The pellet was resuspended in 0.22 ml of buffer III [20 mmol/l Tris·HCl (pH 7.5), 250 mmol/l sucrose, 0.5% Triton X-100, 1.2% SDS, 10 mmol/l DTT, 3 mmol/l EGTA, 5 mmol/l MgCl2, 1 mmol/l ATP, and protease inhibitors], extracted at 4°C for 1 h, and spun down on a table-top microfuge to remove nuclei and unbroken cells. This final supernatant was collected as the Triton X-insoluble fraction, which is expected to contain cytoskeletal proteins and is referred to as the cytoskeletal fraction. As is generally done, the centrifugations were performed at 4°C to minimize any potential degradation or posttranslational modifications of the proteins during processing.
To confirm the validity of this procedure, a Coomassie blue-stained protein gel of the three unstimulated fractions was run and indicated, as expected, that a large proportion of total cellular protein is located in the cytoskeletal fraction (Fig. 1A) . Average densitometry from such gels is shown in Fig. 1B , which shows that more than half of the overall protein is in the cytoskeletal fraction. As positive controls, three proteins with known intracellular distributions were examined by Western blotting (Fig. 1C) . GAPDH was used as a positive control for the cytosolic fraction, and 80% of GAPDH was contained in this fraction (Fig. 1D ), in agreement with previous findings (40) . Rab5 was used as a marker protein for endosomal membranes (6, 22, 52) and was expected to be predominantly in the membrane fraction (Fig. 1D) . Similarly, actin was used as a positive control for the cytoskeletal fraction and was found primarily in this fraction (Fig. 1D) , as has been found by others (41) . In addition, after differential centrifugation of six different aortic rings from two different animals, the final pellet was further solubilized in 1 N NaOH. The recovered protein from the pellet made up 5.9 Ϯ 0.97% of the total protein on the basis of densitometric analysis of Coomassie gel stains. The remaining protein in the pellet was likely residual unbroken nuclei and chromatin, as well as highly insoluble extracellular matrix proteins, such as elastin. To confirm that this was the case, immunoblot analysis of pellet fractions after differential centrifugation of resting and PE-treated tissue showed that the pellet contributed an average of 0.43 Ϯ 0.17% and 0.57 Ϯ 0.25% overall zyxin and VASP, respectively, indicating negligible loss during differential centrifugation.
Western blots. Supernatants of homogenates were separated by SDS-PAGE, transferred to Millipore Immobilon-FL membranes, and subjected to immunostaining using standard procedures. Immunostained membranes were imaged with an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE), allowing simultaneous imaging of two separate color channels. Quantitative densitometric analysis was performed with Odyssey software (version 3.0.16) by comparing band intensity summations after consistent background subtraction. Brightness and contrast were uniformly optimized for visualization in typical gel illustration, but quantitation was obtained from raw images.
Chemicals and antibodies. PE, primaquine, colchicine, and cytochalasin D were purchased from Sigma-Aldrich (St. Louis, MO) and latrunculin B from AG Scientific (San Diego, CA). GAPDH (rabbit, 1:2,000 dilution) and vinculin (mouse, 1:4,000 dilution) antibodies were obtained from Sigma-Aldrich; Rab5 (mouse, 1:500 dilution), paxillin (mouse, 1:500 dilution), CAS (mouse, 1:500 dilution), and EEA1 (mouse, 1:500 dilution) antibodies from BD Transduction Laboratories (San Jose, CA); zyxin (goat, 1:1,000 dilution) and Src (rabbit, 1:500 dilution) and FAK (rabbit, 1:100 dilution) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); ␣-actinin (rabbit, 1:1,000 dilution) from Abcam (Cambridge, MA); actin (rabbit, 1:2,000 dilution) from Cytoskeleton (Denver, CO); VASP (rabbit, 1:1,000 dilution) from Cell Signaling Technology (Danvers, MA); and filamin (mouse, 1:500 dilution) and ␤-integrin (rabbit, 1:500 dilution) from Millipore (Billerica, MA).
Statistical analysis. Values are means Ϯ SE. Significance of difference between two individual sets of data was taken at P Ͻ 0.05 by a two-tailed, paired Student's t-test, unless indicated otherwise. At least three separate ferrets were used for all experiments.
RESULTS

PE triggers redistribution of zyxin, VASP, paxillin, and metavinculin/vinculin from the cytosolic fraction to the membrane and cytoskeletal fractions.
Differential centrifugation of aortic tissue homogenates was used to separate proteins into soluble (cytosolic), Triton X-soluble (membrane), and SDS- soluble (cytoskeletal) fractions. FA-associated proteins in the tissue fractions were identified by immunoblot ( Fig. 2A) , and the results were analyzed for changes in the distribution between fractions in response to the vasoconstrictor PE. A 10 mol/l maximally effective dose of PE was used to induce contraction (34) . Zyxin, a FA protein (12) that facilitates actin filament elongation in response to mechanical forces in cell culture (26) , resides to a large extent in the cytosolic fraction in dVSM (Fig. 2B, left) . At 2-10 min after addition of PE, zyxin redistributes, leaving the cytosolic fraction (83% to 56%) and increasing in the membrane and cytoskeletal fractions. At 10 min, zyxin levels increased fourfold in the membrane fraction and doubled in the cytoskeleton (Fig. 2B, right) .
VASP, a protein that binds to and is targeted by zyxin (14) , behaves similarly to zyxin (Fig. 2C, left) . In the absence of a stimulus, about half of the total VASP is localized in the cytosol, but after PE exposure, VASP gradually redistributes to the membrane fraction. After 10 min of PE treatment, 12% of total VASP shifted to the membrane fraction. This represents a 2.5-fold increase in the amount of protein in the membrane fraction (Fig. 2C, right) . At 10 min, there is also a statistically significant loss of VASP from the cytosolic fraction.
Metavinculin, a multifunctional FA signaling/cross-linking protein ( Fig. 2D) (36, 67) , and paxillin, which interacts with FAK and promotes downstream signaling pathways (55) (Fig.  2E) , similarly redistribute from the cytosolic to the membrane fraction on addition of PE.
CAS and Src redistribute from the cytoskeletal fraction to the membrane fraction in the presence of PE. Not all FA-associated proteins exhibit the same redistribution pattern. It has previously been reported that CAS, a scaffolding protein and Src, a tyrosine kinase, are signaling molecules associated with dVSM FAs and that they redistribute to the membrane from the cytoskeletal fraction (37) . We have confirmed those data and demonstrate in Fig. 3 increasing levels of CAS and Src in the membrane fraction over a time course of PE treatment. The change in CAS is a small percentage of the total (11%) (Fig.  3B, left) , but this represents a 67% increase in the membrane fraction after 10 min (Fig. 3B, right) . It is also interesting to note that even though Src and CAS may be closely associated in the FA and exhibit similar relocalization patterns, their general intracellular distributions as measured by this method are quite different. CAS in unstimulated samples is 46% cytosolic compared with just 14% for Src.
Some FA proteins show no detectable vasoconstrictor-induced redistribution. Notably, the FA protein FAK shows no significant PE-induced relocalization (Fig. 4, A and B) . Furthermore, almost no FAK is detectable in the membrane fraction, despite its known interaction with ␤-integrins (48), transmembrane proteins that reside to a large extent in the membrane fraction in our assay (Fig. 4C) . These results suggest that FAK is more strongly bound to the actin cytoskeleton than to the integrinassociated membrane (39) . It is particularly striking that ␤-integrin shows no noticeable agonist-induced redistribution with this assay. This is in contrast to the well-documented recycling of integrins in migrating cells (3, 44) . This is singularly suggestive of a qualitative functional difference of FAs between migrating and nonmigrating cells.
The lack of detectable movement of ␣-actinin is also interesting (Fig. 4D) . Since ␣-actinin is known to associate with zyxin (13), one might expect it to behave similarly.
The FA protein zyxin colocalizes with endosome markers. Endosomal trafficking of FA proteins is known to occur in nonmuscle cells (46) . To see if the PE-induced redistribution of dVSM FA proteins to the membrane fraction observed here is linked with endocytic membranes, we performed colocalization studies for zyxin and endosome markers by deconvolution immunofluorescence microscopy of freshly enzymatically isolated aorta dVSM cells. Since zyxin is largely cytosolic, all images were uniformly thresholded to increase the resolution of zyxin at FA punctae and visually remove the cytosolic signal. As seen in Fig. 5A , zyxin shows an increased degree of colocalization with Rab5, an early endosome marker, after PE stimulation. Zyxin staining at the cell edge that does not colocalize (arrowheads) likely represents FA localization. Zyxin does colocalize with Rab5 in the cell interior (white arrows), consistent with endocytosis. Not all Rab5-labeled endosomes colocalize with zyxin. Similarly, not all zyxin is colocalized with Rab5, suggesting that only a fraction of total zyxin is in transition (which corroborates the results from differential centrifugation).
We also tested whether zyxin colocalizes with EEA1 ( Fig.  5B) , another protein marker of early endosomes (8, 40) , after PE stimulation. EEA1 exhibits vesicular, punctate staining typical of endocytic vesicles and similar to that seen for Rab5. It also shows increased colocalization with zyxin after treatment with PE (white arrows). Quantitative colocalization analysis was performed (Fig. 5C ). ␣-Actin and phalloidin colocalization was determined as a positive control, and ␣-actin and 4=,6-diamidino-2-phenylindole colocalization was determined as a negative control. The percentage of zyxin that colocalizes with both Rab5 and EEA1, respectively, increases in a statistically significant manner after PE treatment, consistent with endocytic redistribution. In both cases, at least a doubling in the amount of colocalization was seen. As expected, the colocalization does not reach values seen with the positive controls, which would be indicative of complete colocalization. Zyxin proximity to EEA1 is increased after PE stimulation. Duolink PLAs were performed on freshly isolated dVSM cells to determine the proximity (as an indicator of the potential association) of zyxin and EEA1 (20, 49, 50, 66) . PLA results in easily detectable and quantifiable fluorescent dots when proteins are within 40 nm of each other (Fig. 6A) . There is some background nuclear autofluorescent signal in each cell also seen in previous studies (59) . A negative control consisting of incubation with the zyxin antibody alone displayed a negligible number of fluorescent dots per square micrometer (n ϭ 17; Fig. 6B ). In unstimulated cells, there is a statistically significant increase in the number of fluorescent dots compared with negative control (n ϭ 31). This indicates that a certain subpopulation of zyxin and EEA1 resides close enough to each other to interact. After 10 min of PE stimulation, the amount of zyxin and EEA1 in close proximity increases 2.5 times compared with rest (n ϭ 41). Furthermore, zyxin and EEA1 proximity dots appear to be located in the cell interior (Fig. 6A,  bottom) , which is suggestive of endocytic association.
Primaquine blocks vasoconstrictor-induced membrane redistribution. To further test the hypothesis that dVSM FA proteins recycle through an endocytic mechanism, we pretreated VSM tissue with 150 mol/l primaquine, a smallmolecule inhibitor of endosomal budding (25, 58) . Primaquinetreated samples showed, in all cases examined, a marked inhibition of the previously demonstrated PE-induced protein redistribution to the membrane fraction. In the presence of primaquine and PE, the amount of zyxin and VASP in the membrane fraction returned to the levels seen in the absence of PE (Fig. 7, A and B) . Similar effects were seen with vinculin, metavinculin, and paxillin (data not shown). Src and CAS distributions are altered by primaquine, but to different degrees. Src levels in the membrane fraction were reduced with PE and primaquine, but not to untreated amounts (Fig. 7C) , perhaps reflecting association with nonvesicular membranes such as the plasmalemma. With CAS, levels in the membrane fraction returned to pre-PE levels in the presence of PE and primaquine (Fig. 7D) . Primaquine had no significant effect on membrane distribution of the "static" proteins FAK, ␤-integrin, or ␣-actinin (data not shown).
Inhibiting endosome budding with primaquine inhibits contractility. To test the hypothesis that FA protein recycling may significantly modulate tissue contractility, dVSM tissue was treated with primaquine while contractile force was recorded. 
unstim (2-tailed, paired t-test).
Pretreatment for 1 h with 150 mol/l primaquine before PE stimulation noticeably altered tissue contractility. A statistically significant slowing of the rate of force development, apparent as almost a doubling of the time required for tissue to reach 50% of maximal contraction, was seen (Fig. 7E) . Additionally, a statistically significant inhibition of steady-state contractile force was seen with primaquine pretreatment (Fig. 7F) . Since all force generated by the contractile filaments in dVSM is channeled through the FAs to be transmitted to the vessel wall, even a partial disruption of FA structure would be expected to impair contractile function.
Actin inhibition with cytochalasin D or latrunculin B blocks vasoconstrictor-induced FA protein redistribution to the membrane. It is known that actin polymerization and associated cytoskeletal remodeling in dVSM occur during vasoconstrictor-induced regulation of tissue contractile function (34) , and in cultured cells, it is known that actin dynamics play a role in some endocytic pathways, particularly early endosomal events (9, 15, 23) . To test the hypothesis that actin dynamics might be involved in facilitating endocytic recycling of FA proteins in dVSM, we treated tissue with two inhibitors of actin polymerization. At Յ500 nmol/l, cytochalasin D is known to specifically inhibit actin filament elongation by capping the barbed ends while leaving the existing filaments intact (10) . Treatment with cytochalasin D for 1 h prior to PE stimulation had no effect on protein distribution for static proteins or unstimulated tissue (data not shown) but significantly inhibited PE-induced membrane redistribution of zyxin, VASP, paxillin, and CAS (Fig. 8, A-D) . Pretreatment with 0.1 mol/l latrunculin B, which inhibits actin branching by sequestering G-actin (11), had no effect on protein distribution for static proteins or unstimulated tissue. However, in a manner similar to cytochalasin D, latrunculin pretreatment of PE-stimulated tissue inhibited protein redistribution to the membrane fraction, with amounts in the membrane fraction returning to untreated levels (Fig. 8, E and F) .
Cytochalasin D has been shown to decrease PE-induced contractility in dVSM tissue (34) , and a similar effect was seen with latrunculin B (Fig. 8G) . However, on the basis of these experiments, it is unclear to what extent the effect on contractility can be attributed to endocytic processes compared with other actin-dependent processes. Together, however, these data point to a role for actin polymerization in the regulation of FA protein recycling.
Microtubule inhibition with colchicine blocks vasoconstrictor-induced redistribution to the membrane. It is known in proliferative cells that endocytic recycling relies on microtubule networks and their associated motors to transport vesicles throughout the cell (2, 35, 51) . To test the hypothesis that stimulus-induced FA reorganization also relies on a microtubule-dependent endocytic recycling pathway in dVSM cells, we treated tissue with colchicine at two different concentrations to disrupt microtubule networks (19, 63) . Treatment with 100 mol/l colchicine for 1 h prior to PE stimulation and differential centrifugation significantly inhibited previously observed PE-induced membrane redistribution in zyxin and VASP (Fig. 9, A and B) .
Our experiments confirm previous studies that indicate that colchicine does not significantly inhibit vasostimulator-induced contractile force (Fig. 9C) (19, 63) . However, we did find that increasing concentrations of colchicine have a significant slowing effect on the speed of force development (Fig. 9D) . At higher concentrations, it takes twice as long to generate the same force. On the basis of these experiments, it is unclear to what extent the effect on speed can be attributed to endocytic processes compared with other microtubule-dependent processes. Together, however, these data point to a role for microtubule networks in the regulation of FA protein recycling and tissue contractility.
DISCUSSION
The major finding of the present study is that a distinct subset of dVSM FA proteins redistribute in response to the vasoconstrictor PE. Previous published work from our laboratory also demonstrated the occurrence of a redistribution of the FA protein VASP in response to a phorbol ester (12-deoxyphorbol 13-isobutylate 20-acetate) (34) in dVSM tissue; thus FA remodeling is not restricted to a single agonist but, rather, may be a more generalized process. In migrating cells the development and function of FAs have been extensively stud- ied. FAs in proliferative cells provide structural and adhesive support and initiate signaling cascades. Typically, focal contacts coalesce at the leading lamellipodial edge, mature into anchoring FAs as the cell moves forward, and then completely break down as the leading edge migrates forward (43) . In contrast, nonmigratory dVSM cells have no need for complete FA turnover. However, it is known that dVSM cells display remarkable cytoskeletal plasticity, with the ability, when unrestrained and activated by an agonist, to shorten to 50% of their initial length (57) . Recycling/relocation of a subset of dVSM FA proteins may allow maintenance of plasticity of the connection to the contractile filaments while maintaining a stable FA protein core and a linkage to the matrix in the vessel wall. Such plasticity will also allow retention of the ability to quickly shift proteins to sites of high stress to strengthen and/or increase signaling responses without requiring an energetically costly and time-consuming process of completely breaking down and rebuilding FAs in these nonsynthetic, nonproliferative cells. It is well known that dVSM cells have low rates of protein synthesis compared with proliferative cells (34) . Thus it is more energetically efficient for these cells to recycle proteins to sites where they are needed than to proteolyze proteins and then synthesize and target new proteins.
In recent studies the Waterman group measured, with superresolution microscopy, a spatially layered architecture for FAs of mouse embryo fibroblasts. They quantitated "integrin signaling," "force transduction," and "actin regulatory" layers of proteins at increasing distance from the plasma membrane (29) (Fig. 10B) . The FA of the dVSM cell appears to display some features in common with this model but also exhibits some differences. If we use the PE-induced redistribution to the membrane fraction (Fig.  10A) as an indicator of FA remodeling, then it appears that the proteins identified by Kanchanawong et al. (29) to be associated with the integrin signaling layer undergo the least amount of remodeling (Fig. 10C) . In dVSM, this is functionally appropriate, since shifting of critical FA proteins (especially ␤-integrin and . E: effect of primaquine on the time to 50% steady-state contraction amplitude (n ϭ 6). *P Ͻ 0.05. F: primaquine reduces maximal steady-state contractile force in response to PE stimulation (n ϭ 6). *P Ͻ 0.05. FAK) would constitute a major disruption of the integrity of the connection of the cell to the matrix of the vessel wall. This finding is also of interest, since FAK has been reported to undergo an agonist-induced redistribution in airway cells from the cytosol to a cell surface distribution. The difference in these findings may point to functional and structural differences between the tissues (42) .
␣-Actinin also displayed a lack of detectable movement in these studies. Interestingly, ␣-actinin has been reported to translocate in imaging experiments in response to acetylcholine stimulation of tracheal smooth muscle (64) . Therefore, the stationary nature of ␣-actinin in dVSM appears to demonstrate a difference between vascular and airway smooth muscle function. In fact, the general protein distribution pattern of ␣-actinin more closely resembles that of total actin (20% cytosolic, 20% membrane, and 60% cytoskeletal) than VASP or zyxin (50% and 80% cytosolic, respectively) with which it is known to interact. However, most of the dVSM cellular actin is in the contractile filaments, and ␣-actinin is also a marker for the dense bodies into which the contractile filaments insert (18) . Thus, in dVSM cells, ␣-actinin may be playing a larger role in the relatively less dynamic contractile filament domain than in the cortical nonmuscle cytoskeleton/FA domain. On the other hand, VASP and zyxin, both of which have been identified by Kanchanawong et al. (29) as components of the actin regulatory layer, exhibit the highest degree of remodeling. The large difference in mobility between the actin regulatory proteins and other FA proteins is suggestive of a disconnect, a point of release of the actin cytoskeleton from the FA in response to PE. This is supported by the model suggested by Kanchanawong et al. indicating that zyxin and VASP lie on the outskirts of the FA, where they might more easily disengage. As mentioned previously, ␣-actinin in dVSM may be playing a larger role in the dense bodies, which insert into the less dynamic contractile filaments and, therefore, may not be as mobile as proteins associated with the cortical cytoskeleton. In keeping with the idea of a point of disconnect, there appears to be a second such point between the integrin signaling layer proteins and the force transduction layer proteins (Fig. 10C) . Proteins categorized as force transduction proteins, such as vinculin, display intermediate levels of mobility in our system as measured by membrane redistribution. They do not seem to disengage as easily as zyxin or VASP but also are not bound as immobile as the more integral FA proteins. Again, in airway smooth muscle, apparently greater redistribution of vinculin has been reported and the direction of movement was from the cell center to the cell surface, as determined by immunofluorescent imaging of freshly dissociated cells. This may reflect differences in tissue function or in methodology. Eddinger et al. (16, 17) also imaged vinculin in airway muscle and saw little or no agonist-induced redistribution in cryosections of frozen tissue compared with freshly dissociated airway cells.
So, if cells are capable of disengaging the actin cytoskeleton from FA proteins and FA proteins from each other and then reallocating them to sites of active tension and stress, how are the proteins transported? Another major finding of the present study is that endocytic recycling is necessary for PE-induced FA protein recycling in dVSM. Active endocytic pathways are known to be characteristic of synthetic, migratory, proliferative cells, but here, for the first time, we show an essential role for endocytic processes in a nonproliferative, nonmigratory, fully differentiated, contractile cell phenotype. Several studies have pointed to a connection between FA proteins and the endocytic pathway in cultured cells (46, 54) , which led us to hypothesize that dVSM cells might use endocytic pathways to disengage proteins from the FAs and shuttle/recycle them to regions with increased cellular tension. In support of this concept, immunofluorescence microscopy colocalization and PLA experiments showed that zyxin increases its colocalization with Rab5 and EEA1, early endosome recycling markers, after stimulation with PE. Furthermore, when endocytic recycling was inhibited with primaquine, there was a marked reduction in the speed and strength of the contraction. Primaquine also eliminated or diminished the PE-induced redistribution of FA proteins, consistent with the concept of a connection between FA proteins, endosomal recycling, and regulation of dVSM contractility. However, we cannot rule out the possibility that dVSM cell endosomes also participate in the trafficking of non-FA proteins that themselves have effects in regulating contractility.
Another surprising aspect of this study is that paxillin, often considered a FA marker and a known cytoskeletal protein that associates with FAs (56) in at least some nonmuscle cells and in Schwann cells (7), was largely excluded from the cytoskeletal fraction. In the absence of a stimulus, 76% of total paxillin is in the cytosolic fraction and only 6% is in the cytoskeletal fraction. Similar results were seen with vinculin (data not shown). This agrees with earlier findings in small arteries (41) but points to unique properties of the dVSM cells of the vascular wall.
We also report here that endosomal redistribution in dVSM is actin-and microtubule-dependent. Our group previously showed that actin filament elongation is necessary for normal vascular contractility and that a cortical, nonmuscle actin population is involved (34) . Recent studies have shown that increased membrane tension in Madin-Darby canine kidney cells increases actin dependency of clathrin-mediated endocytosis (5) . By inhibiting actin polymerization with cytochalasin D or latrunculin B, endosomal trafficking in dVSM was impaired. The mechanism could involve an inhibition of the construction of actin tracks along which the endosomes might move, or it could involve inhibition of actin filament-mediated pinching off of new endosomes by pushing the vesicle away from the plasma membrane or by constricting the neck in an Arp2/3 complex-mediated mechanism (9, 15). The actin dependency may help identify the specific endocytic pathways involved, since not all endocytic pathways are dependent on actin polymerization (1, 5, 21, 23, 45) . Similarly, endocytic dependency on microtubule networks has been well documented in cultured cells (2, 51) , but here, for the first time, we report similar findings in dVSM cells.
Thus, in the present study, we report that FAs in smooth muscle cells embedded in the wall of the aorta remodel during the action of a vasoconstrictor and that the remodeling involves an actin-and microtubule-dependent endocytic pathway. These results may have significant implications not only for understanding the mechanisms underlying dVSM contractile function, but also for understanding the mechanisms of aortic stiffness. Aortic stiffness has been shown to be an early and independent predictor of cardiovascular disease and to precede the onset of hypertension (28, 38) . The FAs in dVSM cells have recently been shown to be a key regulator of aortic stiffness (47) . Thus one might speculate that endosomal recycling pathways that influence the dynamics, size, and composition of the FA could figure prominently in the pathogenesis of aortic stiffness and the associated negative cardiovascular outcomes.
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